Case-control studies have implicated rare length H-ras minisatellite alleles in cancer risk. In Europeans, this locus has four common alleles, and a larger number of rare alleles; possession of a rare allele has been identified as a risk factor responsible for 5-10% of some cancers. This unusual model of predisposition has been controversial in case-control studies, but also makes characteristic predictions about the population genetics of the locus, which we examine in this study. Using minisatellite variant repeat ('MVR') mapping, and compound haplotypes composed of the minisatellite and surrounding substitutional polymorphisms, we have reconstructed the main steps in the evolution of this locus in human populations. MVR-calibrated measurements of allele length yield rare allele frequencies significantly higher than most previous studies, and show that most other analyses have not distinguished two common alleles of 84 and 85 repeat units. Alleles classified as 'rare' in European populations predominate (70%) in the African sample studied. Smallpool PCR (SP-PCR) analysis on common alleles in sperm DNA gives an estimate for the germline minisatellite mutation rate of about 0.05% (95% confidence upper limit 0.15%). Overall, our results do not reflect a locus subject to frequent mutation and strong selection, and are difficult to reconcile with the proposed cancer predisposition. Restricted variation at this locus is most simply explained by low mutation rate, and although definitive case-control studies can only be performed using methods capable of reproducibly distinguishing rare and common alleles, our work suggests that most studies to date have not resolved alleles adequately.
INTRODUCTION
The H-ras minisatellite is located approximately 1 kb downstream from the stop codon of the H-ras gene (1) . Alleles at this minisatellite vary between $1 and 3 kb in length, being composed of 30-100 repeat units of 28 bp (2) . Population studies have reported that $93% of alleles in Europeans consist of four common alleles, a1, a2, a3 and a4, with the remaining alleles being designated as rare (3) . Rare alleles cluster in size around the four common alleles. Rare alleles at the H-ras minisatellite have been reported to be associated with cancer, with several studies finding a significantly higher frequency of rare alleles in cancer patients compared with non-cancer controls (4) (5) (6) (7) (8) . The results of other studies, however, do not support such an association (9) (10) (11) (12) (13) (14) and the link between the H-ras minisatellite and cancer remains uncertain. Most early studies used Southern blot hybridization of restriction fragments to determine allele length, and may not have resolved small (especially single-repeat) differences between alleles fully. It is only more recently that methods combining PCR amplification with polyacrylamide gel resolution have been applied (5) (6) (7) (8) 14) .
There are no published studies on the phylogenetic relationships between alleles at the H-ras minisatellite. Studies of diversity at other minisatellite loci have provided insights into the evolutionary dynamics of those loci (15) (16) (17) (18) (19) , with polymorphisms within the DNA flanking the minisatellite allowing the resolution of evolutionary relationships at (for example) MS205 (20) . Allelic variation detectable at the H-ras minisatellite is increased by the distribution of variant repeats along the repeat array (due to variants at positions 7 and 15 within the 28 bp repeat unit). Studies of the variation in internal structure of H-ras alleles have revealed that each of the four common alleles displays a characteristic internal structure, and in the majority of cases rare alleles seem to be derived from the common allele closest in size (21) (22) (23) . While it has been possible to separate alleles into groups according to length and internal structural similarity, the reconstruction of phylogenetic relationships between these groups of alleles has proved more difficult.
In this study haplotypes of substitutional polymorphisms, identified within the DNA flanking the repeat array, have been used to reconstruct the relationships between alleles at the H-ras minisatellite. MVR mapping has been used to calibrate *To whom correspondence should be addressed. Tel: þ44 1159249924; Fax: þ44 1159709906; Email: john.armour@nottingham.ac.uk analyses of allele lengths, in which we find a significantly higher frequency of 'rare' alleles than in other studies. We also use small-pool PCR (SP-PCR) analysis of sperm DNA to obtain a first estimate of the mutation rate to new length alleles at the H-ras minisatellite locus. Overall, our results are not consistent with the established characterization of the H-ras minisatellite as a locus subject to purifying selection against rare alleles, mediated by cancer predisposition. This and evidence that allelic states have not been adequately resolved in other studies cause us to raise serious questions about the evidence for the association between rare H-ras alleles and cancer risk.
RESULTS AND DISCUSSION

Relationships of H-ras haplotypes
In a sequence survey of a region of 923 bp upstream of the H-ras minisatellite, and a 774 bp region downstream, 11 singlenucleotide polymorphisms were detected. Eight of these positions were identified in an initial survey of five unrelated UK samples, and three further polymorphisms identified on sequencing 10 African Pygmy DNA samples. Haplotypes of these substitutional polymorphisms were determined in Europeans (20 Castilian DNA samples) and Africans [10 African Pygmy (Biaka/Mbuti) DNA samples]. The lengths of the minisatellite alleles associated with each haplotype in each of the 20 European and 10 African samples were determined by sizing of PCR products on agarose gels and verified by MVR mapping to give allele lengths defined as a precise number of repeat units. Since individuals heterozygous at flanking sites were always heterozygous for minisatellite length, haplotypes could be resolved using allele-specific amplification across the minisatellite.
Among the 60 chromosomes analysed, nine distinct flanking haplotypes were observed (Table 1 ). There were four common flanking haplotypes (H1, H2, H3 and H4), corresponding to the common length minisatellite allele classes (a1-a4). Each flanking haplotype was also associated with rare length alleles clustered around the respective common length allele, implying that most rare alleles are related to the common allele closest in size (21, 23) . The remaining five flanking haplotypes were each observed once within the 60 chromosomes analysed.
To infer the ancestral state of each human flanking polymorphism (Table 1 ), the regions flanking the H-ras minisatellite were amplified and sequenced from orang-utan (Pongo pygmaeus), gorilla (Gorilla gorilla) and chimpanzee (Pan troglodytes) DNA samples (accession numbers AJ535307-AJ535312). To identify individual bases, the numbering used here follows that of accession number J00277. For all but three of the polymorphic positions, the ancestral state could be simply deduced from sequence comparisons, as all non-human species had the same base. However, at position 5990 [also polymorphic (G/A) in chimpanzees], the ancestral state was inferred as G from association with haplotypes of other sites, and for position 5749 (deleted in chimpanzee DNA) the ancestral state was inferred as A from its association with ancestral states at other sites, and the association of the G allele with a restricted set of MVR maps similar to structures associated with the (derived) haplotype H2. Position 4661 was found to be polymorphic (T/C) in humans, T in the chimpanzee sample analysed, and C in the gorilla and orang-utan DNA samples analysed. The state of the great ape common ancestor could therefore be inferred as C. The ancestral human state could be either C or T, depending on the mutation events that have occurred at this position in the primate lineages: either a C to T change in the human/ chimpanzee common ancestor, followed by a reversion to C along the human lineage, or two C to T changes occurring independently along the chimpanzee and human lineages. Position 4661 is part of a CG doublet, making two independent C to T changes more parsimonious. The ancestral human state of position 4661 was therefore inferred as C.
The flanking haplotypes were assembled into an allele tree for this locus starting from the inferred ancestral haplotype (Fig. 1) . All the haplotypes observed in the populations studied could be joined by simple substitutional steps without recombination, except for haplotype P8U, which seems to have been created by a recombination event and is omitted 
from the tree. Haplotype H3 represents the ancestral human haplotype, possessing the inferred ancestral state at each of the 11 polymorphic positions identified. The tree then branches with the common haplotype H4 evolving down a separate lineage to the common haplotypes H1 and H2.
Minisatellite variant repeat variability
A further level of variability at the H-ras minisatellite comes from variation in repeat unit sequence and the distribution of these minisatellite variant repeats (MVRs) along the array. In the absence of recombination we would predict that minisatellites associated with the same flanking haplotype have descended from a common ancestor and thus possess similar, related MVR structures. Four-state MVR mapping was developed to produce full-length MVR maps of the interspersion pattern of variant repeats for all 60 H-ras minisatellite alleles from the Castilian and African Pygmy DNA samples. Four repeat-specific primers were used, distinguishing five main repeat types: 1, 2, 3, 4 and 0 (repeat types designated '0' contain mutations which prevent primer binding). As MVR-mapping was carried out from each end of the array it was possible to distinguish additional repeat types by comparing the forward and reverse maps. For example, repeat type 5 corresponds to a type 1 signal with forward MVR mapping and a type 0 with reverse mapping, and type 6 corresponds to a forward type 4 signal and a reverse type 0 signal. The positions of repeat types 5 and 6 within the repeat array were found to correspond to the positions of these repeats detected by sequence analysis (23) . Alignment of full-length MVR maps of all 40 Castilian and 20 African Pygmy alleles (full data available via www. nottingham.ac.uk/$pdzjala/hras/hras.htm) does not show any clear polarity of mutation, but instead shows that structural changes are spread throughout the array. Each of the common length allele groups has a characteristic interspersion pattern of repeats, clearly distinct from the maps of the other common alleles. Previous sequence analysis (23) divides a1 alleles into two sub-classes, a1A and a1B, differing only by the insertion of a type 2 repeat at position 17 and the deletion of a type 1 repeat between positions 27 and 28 in a1B. Among the 40 Castilian alleles 15 a1A alleles and four a1B alleles were detected. In our Castilian sample three a2 alleles were detected with identical MVR maps, while only one a3 allele was detected with an MVR map that differs from the 'a3A' sequence of Ding et al. (23) at position 42. Although three a4 length alleles were found among the Castilian alleles, none of these have the 'typical' a4 type pattern (23) (based on the sequencing of three a4 alleles).
Relationships between the MVR maps associated with each haplotype can be inferred from the relationships between flanking haplotypes. Representative MVR maps associated with each of the flanking haplotypes have been superimposed on the allele tree for this locus, shown in Figure 2 (all the MVR maps, grouped according to associated flanking haplotype, are available via the web page, www.nottingham.ac.uk/$pdzjala/ hras/hras.htm). Each haplotype is associated with a distinctive subset of MVR maps. Apart from the simple relationships evident between the groups of shorter alleles (haplotypes H5, H1 and H2), the MVR maps in different haplotypes do not retain sufficient similarity to allow the unambiguous reconstruction of their evolution; some possible links between structures found in different haplotypes can be seen via the web site above. Low levels of variation were observed between the MVR maps within each group, even between the African and Table 1 ) has not been placed on this tree and is probably derived from a recombinant between haplotypes H3 and H4.
European populations studied. Indeed, on the background of haplotype H2, a substitutional variant has arisen (5749G) which is still associated with 46-repeat minisatellite alleles (Figs 1 and 2 ). These low levels of variation suggest that a low mutation rate operates at this locus compared to hypervariable minisatellites (with heterozygosities >90% and mutation rates of the order of 1%); the alternative explanation (4) is that selection is acting at this locus to limit minisatellite allele variation associated with each haplotype.
Flanking haplotype H5, which is associated with a rare-length allele, is found at an internal position within the tree at an intermediate position between haplotypes H3 and H1. If rarelength alleles were selected against because of association with cancer, they would be predicted to be transient in the population and found at the tips of the allele tree. Three additional examples of haplotype H5 were identified from a total of 204 DNA samples from individuals sampled from Nottinghamshire, UK. Each of the examples of haplotype H5 was associated with a 32 repeat length minisatellite allele with closely similar MVR maps (shown on the web page, see above for URL). The similarity between MVR maps suggests that the haplotype H5 alleles represent a true family derived from a single common ancestor. This, along with the internal location of haplotype H5 in the allele tree, is inconsistent with the hypothesis that all rarelength alleles are selected against. It is possible that only a subset of rare alleles is selected against, but if so the effects of cancer predisposition and selection should be concentrated on a smaller number of alleles, and hence be of greater relative magnitude.
MVR and allele length measurement
MVR mapping allows the precise sizing of minisatellite alleles in numbers of repeats, and was used to determine the exact sizes of all 40 Castilian and 20 African Pygmy alleles. A larger survey of allele lengths was carried out on 204 DNA samples (from Nottinghamshire, UK) to obtain an accurate estimate of the rare allele frequency in a control population (Fig. 3) . MVRmapped marker alleles were included on each gel to enable an accurate comparison of allele size, and accuracy in sizing large (a3 and a4) alleles was enhanced by resolving alleles of similar size on an extended gel run to allow direct 'side by side' comparison. Furthermore, the sizes of some alleles were checked by MVR mapping. Using these methods all 408 alleles (Fig. 1) 
: symbol represents a (non-5, non-6) repeat at which a discrepancy was observed between the forward and reverse maps. The probable recombinant haplotype P8U is shown separately from the tree.
were accurately sized in numbers of repeats (available via web page, see above for URL).
Four common allele classes were detected, classified as 30 (a1), 46 (a2), 68 (a3) and 84/85 (a4) repeats in length, occurring at frequencies of 54, 9.6, 9.1 and 11%, respectively. The a4 allele class (45 alleles) was composed of two distinct alleles; 29 alleles contained 84 repeats, and 16 alleles were 85 repeats long. While most previous studies treat a4 alleles as homogeneous in length (4), they are classified by simple length estimation, while only Ding et al. (23) give allele sizes in exact numbers of repeats: they detected four 84 repeat alleles and two 85 repeat alleles. It is likely that previous studies were unable to detect the heterogeneity that exists within the a4 allele class, due to incomplete resolution of single repeat differences.
Alleles which differ by one repeat or more from one of the four common alleles are classified as 'rare' (4). If alleles of both 84 and 85 repeats are classified as common, within this sample of 408 UK alleles, 68 rare alleles were found, giving a frequency of 16.7% (95% confidence interval 13.9-20.0%). If only 84-repeat alleles are classified as a4, and 85-repeat alleles are therefore 'rare', there are 84 rare alleles and a frequency of 20.6% (17.6-24.2%). Rare alleles cluster around the four common alleles, with the majority close in size to the a1 allele. Using either interpretation of the 84/85 repeat unit alleles, the rare allele frequency detected in this study is significantly greater than reported by Krontiris et al. (3, 4) and in the majority of other studies (5-8). Since we have used additional resolution to distinguish closely spaced large alleles, and have verified the resolution using MVR mapping, the difference is more likely to be due to improved resolution than population heterogeneity. Firgaira et al. (14) detected a rare allele frequency of 16.9% in controls, sizing PCR amplified alleles on an automated DNA sequencer. With the exception of the 84/85 repeat distinction, which may be very hard to resolve on a system designed for much smaller fragments, the frequencies in our study agree very closely with those found by Firgaira et al. (14) , and support their contention (24) that the resolution of alleles in previous studies has been inadequate.
The distribution of haplotypes at the H-ras minisatellite between the African and non-African populations differs from that observed at other loci. Studies at other loci have generally indicated that genetic diversity is much greater within African populations, with lineages in non-African populations making up a subset of those found in Africa (25) . In contrast, the H-ras minisatellite locus has similar numbers of distinct haplotypes and allele lengths observed in the European and African populations, and the major branches of the allele tree are represented in both the African and non-African populations.
Comparison of the estimated heterozygosity rates for the Castilian and Biaka/Mbuti DNA samples revealed that the flanking haplotype heterozygosity rate did not differ significantly between these populations (P > 0.05), while the minisatellite allele length heterozygosity in Africans was found to be significantly higher than in Castilians (P < 0.01). The frequency of 'rare' alleles in the African Pygmy sample studied was 70% compared with 25% in Castilians (alleles of repeat length 30, 46, 68 and 84 classed as common). Thus, although the number of different allele lengths observed is the same in each of the samples, the estimated heterozygosity rate for allele length is much greater in the (smaller) African Pygmy sample, with a significantly higher frequency of alleles that would be 'rare' in Europe (P < 0.01). Allele length diversity therefore seems to be higher in the African Pygmy sample, but the variation observed in Europe does not simply represent a subset of that seen in Africa. The common European haplotypes H2 and H3 (associated with a2 and a3 alleles, respectively) were absent from the African Pygmy sample studied. This could be due to sampling bias, compounded by the limited size of the sample studied (20 alleles), but a previous survey of 226 alleles from Japanese individuals (11) also reported an absence of common-length a2 alleles, suggesting that this common-length allele class may be limited to European populations. The different pattern of haplotype diversity observed at this locus, compared to that observed at other regions, could be due to balancing selection acting to preserve distinct lineages at this locus.
The action of selection on this locus was investigated by carrying out neutrality tests on sequence data from the DNA flanking the H-ras minisatellite. Tajima's D (26), Fu and Li's D* and F* (27) , and Fu's Fs (28) neutrality tests were carried out on 1400 bp of flanking DNA (822 bp upstream of the minisatellite and 578 bp downstream) from 60 chromosomes (40 Castilian and 20 African Pygmy), and in no case differed significantly from zero. This may indicate that the conditions of the null hypothesis (neutrality, constant population size and panmixia) are being fulfilled at this locus, but may also result from insufficient power of the data set. However, the actions of selection and population growth on a genealogy are very difficult to distinguish. As the genome-wide evidence for population growth is strong (29) , it is also possible that at the H-ras minisatellite balancing selection may counteract the effects of population expansion. Any selection detected at the H-ras minisatellite may not be acting directly at this locus, but may instead be due to selection at a nearby linked locus, for example the dopamine receptor gene DRD4.
Estimating mutation rates by SP-PCR
The H-ras minisatellite has been characterised as a highly unstable locus at which four common alleles are maintained due to purifying selection against rare alleles which predispose to cancer (30) ; the observed frequencies of rare alleles result from a balance between mutation creating new rare alleles and selection removing them from the population. However, no studies to date have attempted to accurately measure the mutation rate at the H-ras minisatellite (23, 31) . We have developed SP-PCR analysis at the H-ras minisatellite to estimate the male germline mutation rate directly in sperm DNA.
SP-PCR analysis involves the amplification of minisatellite alleles from dilute aliquots of DNA, with mutant alleles being detected as variant-length PCR products (32) (33) (34) (35) (36) . In SP-PCR analysis of two sperm donors, N1 (heterozygous a1/a2) and N22 (heterozygous a1/a4), two putative mutant alleles were detected in 4080 sperm equivalents tested. This corresponds to a mutation rate of 0.049%, with 95% confidence intervals of 0.02-0.15%. Given that even the two putative mutant bands observed may be PCR artefacts, a sperm mutation rate of between 0 and 0.15% can be inferred, placing an upper bound on the mutation rate. This compares to sperm mutation rates of 0.8% at MS32 (32), 0.5% at MS205 (33) and 9.3% at CEB1 (35) . If the frequency of rare H-ras alleles is attributed to an equilibrium between mutation and (dominant) selection, a mutation rate as low as 0.05% predicts an equilibrium rare allele frequency of only 1%, assuming a selection coefficient of 0.05 against rare allele carriers. To be consistent with the observed frequencies, selection against rare H-ras alleles would have to be very weak. While predisposition to (usually postreproductive) cancer could indeed lead to weak selection, our results show that the shaping of the allele distribution by selection could not possibly take the form of strong selection against carriers, or of frequent 'prenatal lethals' (30) .
Estimating lineage ages
The observed minisatellite mutation rate was used to estimate the age of some H-ras lineages based on their associated minisatellite variation, using the method developed by Slatkin and Rannala (37) . For example, within the sample of 40 Castilian chromosomes 25 examples of flanking haplotype H1 were identified, including eight distinct MVR maps, corresponding to four different allele lengths.
Conditions for the simulations are described briefly in the Materials and Methods, and further details can be found through the web site www.nottingham.ac.uk/$pdzjala/hras/hras.htm. Based on the Castilian sample of 40 chromosomes, the maximum likelihood estimates for the age of haplotype H1 ranged from 52 600 to 81 000 years for simulations considering varying population size and mutation rate, but with a constant population growth rate of 0.005. Using data from the 408 Nottinghamshire alleles sampled, the age of the haplotype H1 lineage was estimated as 61 000 years (95% confidence interval 55 600-76 200 years). A maximum likelihood estimate for the age of haplotype H2 of 55 400 years was obtained from the Nottinghamshire sample data; this younger date is consistent with the origin of haplotype H2 as derived from haplotype H1. Haplotype H2 was absent from the African population studied, and may represent a lineage that has diverged and expanded outside Africa.
CONCLUSIONS
Several observations in this study are not easily reconciled with the hypothesis that the H-ras minisatellite is a highly unstable locus at which purifying selection acts against rare alleles to maintain just four common alleles in the population (4, 30) . The low mutation rate found on SP-PCR analysis of sperm DNA suggests that this locus is not highly unstable. The low levels of MVR map diversity associated with each flanking haplotype are also consistent with a low mutation rate. The low levels of minisatellite diversity observed can therefore most simply be attributed not to selection, but to the relative inability of infrequent mutation to counteract the effect of drift. The higher length heterozygosity and rare allele frequency in our African sample may therefore reflect the higher effective sizes typical of other African populations. The detection of a class of rare length alleles associated with flanking haplotype H5, which is located at an internal position within the allele tree, is similarly inconsistent with the hypothesis that all rare alleles are deleterious. The rare allele frequency detected in our study (16.7%) is significantly higher than reported in the majority of previous studies on similar populations, but more consistent with the study of Firgaira et al. (14) , which used high-resolution methods, and which detected no association between rare alleles and cancer. Assuming that the populations examined are comparable, our work and that of Firgaira et al. (14) both suggest that initial work using Southern blot hybridization (3,4) may have underestimated the rare allele frequency in controls by as much as 2-3-fold, and that even some more recent PCR-based studies (5-8), reporting control rare allele frequencies in the range 12-14%, may also involve some systematic underestimation. Furthermore, two relatively frequent alleles (84/85 repeats) have not hitherto been distinguished, also suggesting that resolution of allele sizes was limited in previous studies. Therefore previous studies, including those on which the proposed association with cancer risk has been established (4, 5, 7, 8, 38) , may have been incapable of reliably distinguishing small length differences at the H-ras minisatellite, the very differences said to be the basis of cancer predisposition. Because of those studies, the H-ras minisatellite is widely regarded as a locus of great significance in cancer predisposition. However, our results are not consistent with rare allele frequencies being determined by a balance between high mutation rates and strong selection, and suggest that a study using methods capable of accurately distinguishing minisatellite alleles, and using samples of sufficient power, should be undertaken to assess thoroughly the reported association between rare H-ras minisatellite alleles and cancer predisposition.
MATERIALS AND METHODS
Genomic DNA samples
British, Castilian (17), Biaka Pygmy and Mbuti Pygmy (Coriell Cell Repository) genomic DNA samples were used in this study. The UK H-ras allele size survey was carried out on DNA samples from 204 individuals from (non-urban) Nottinghamshire, UK, with a mean age of 57 years. British sperm DNA samples were used for small-pool PCR analysis. Primate DNA samples were obtained from ECACC (European Collection of Animal Cell Cultures).
DNA amplification and sequencing
All PCR used a final concentration of 50 mM Tris-HCl pH 8.8, 12 mM (NH 4 ) 2 SO 4 , 5 mM MgCl 2 , 7.4 mM 2-mercaptoethanol, 125 mg/ml BSA, and 1.1 mM each dNTP (modified from 39). The sequences of all primers used are shown in Table 2 . DNA flanking the 5 0 end of the H-ras minisatellite was amplified and sequenced with primers Ras1 and Ras3, and sequencing completed with Ras7. DNA flanking the 3 0 end of the minisatellite was amplified and sequenced with primers Ras4 and Ras6. The same primers were used to amplify and sequence the flanking regions in chimpanzee, gorilla and orang-utan. However, as primer Ras7 does not anneal in the orang-utan, primer Ras9 was designed to anneal in all primates to allow full sequencing of the 5 0 flanking region. Sequencing was carried out using the Big Dye cycle sequencing system (ABI Prism; PE Biosystems).
Substitutional polymorphisms and haplotypes
Eleven single nucleotide polymorphisms were located within the H-ras minisatellite flanking sequence at positions 3904, 3973, 4334, 4414, 4472, 4473, 4482, 4546, 4661, 5749 and 5990 (the numbering relates to the position within the sequence in GenBank accession number J00277). Restriction tests were used to genotype polymorphisms 3973 (AluI), 4414 (MnlI), 4472/3 (AccI and RsaI), 4482 (NlaIV), 4546 (AluI) and 5990 (MspA1I). Amplification with allele-specific primers was used to genotype polymorphisms 3904, 4334, 4661 and 5749. To resolve the haplotype of flanking polymorphisms on each chromosome, allele-specific primers were used to amplify specifically from each allele of each heterozygous position, across the minisatellite to a common primer on the opposite side of the repeat array.
Amplification and sizing of H-ras minisatellite alleles
Minisatellite alleles were amplified in 20 ml reactions using primers Ras2 and Ras5 with final concentrations of 0.5 mM for each primer, 0.05 U/ml of Taq polymerase/Pfu polymerase mix (40 units Taq:1 unit Pfu), 6% glycerol, 34 mM Tris base and 1ÂPCR buffer system (as above) to amplify 10 ng of input DNA. Thermal cycling conditions were: 95 C for 1 min, 67 C for 1 min and 70 C for 10 min, for 21 cycles followed by one cycle of 65 C for 45 s and 72 C for 10 min. As markers for common-length alleles (a1, a2, a3 and a4), the minisatellite alleles from Castilian sample 5 (genotype a2/a3) and sample 10 (genotype a1/a4) were amplified, pooled and loaded on each gel. H-ras minisatellite alleles were resolved on long (30 cm) 1.6% agarose gels, in the absence of ethidium bromide. Marker common length alleles and 100/500 bp marker-ladder DNA were also loaded on each gel, to allow accurate allele sizing. Southern blotting and hybridization with a probe for the H-ras repeats and separate probes for the 100 and 500 bp marker DNA was carried out, and the results visualized by autoradiography. To enable more accurate sizing of longer alleles (>60 repeats), selected samples with large alleles of similar length were run on a second gel for direct, 'side-by-side' comparison.
Minisatellite variant repeat mapping
The majority of alleles to be MVR mapped were first amplified preparatively (32 cycles) using primers Ras2 and Ras5. Long alleles (a3 and a4) were selectively amplified using primers Ras5 and the allele-specific primer 4472-GC, reducing competition from shorter alleles. Following separation by agarose gel electrophoresis minisatellite DNA was released from gel blocks by freeze/thawing. From the supernatant from this procedure, 1 ml (assumed to contain about 20 pg DNA) was used as input in MVR-PCR reactions.
Minisatellite variant repeat (MVR) interspersion patterns were obtained in a similar way to (22) , distinguishing four repeat-unit types. The bases discriminating the repeat types are shown in bold in Table 2 . Mapping was carried out from each end of the array; primer Ras2 was used as the 5 0 fixed flanking primer and Ras5 as the 3 0 flanking primer. Twenty-microlitre MVR-PCR reactions were carried out with final concentrations of 0.05 U/ml of Taq polymerase, 1 mM flanking primer, 1 mM EXT, 5 nM repeat-specific primer and 1ÂPCR buffer system (as above). PCR cycling conditions employed varied between alleles. Cycling conditions were: 96 C for 1.3 min and 72 C for 6 min cycled between 10 and 23 times, depending on the allele size and the detection method used, then 1 cycle of 70 C for 10 min. PCR products were run on 30 cm 1.4% agarose gels, and detected by Southern blotting and hybridization with radioactively labelled H-ras repeat probe. In individuals homozygous for allele length but with heterozygous MVR structure, the mixed alleles from these individuals were MVR mapped to preparative levels from both directions, and the largest heterozygous MVR bands recovered and individually MVR mapped in both directions, producing MVR maps of the separated alleles from which each original allele structure could be reconstructed.
Small-pool PCR analysis
Small-pool PCR analysis was carried out largely as described by May et al. (33) for MS205. Primers Ras2 and Ras12 were used to amplify minisatellite alleles from dilute aliquots (15 diploid genome equivalents) of sperm DNA in 20 ml SP-PCR reactions. PCR efficiency was estimated by carrying out PCR reactions with approximately single molecule inputs of DNA, with Poisson analysis being used to calculate the number of amplifiable molecules in each reaction. All DNA samples analysed by SP-PCR were diluted with 10 mM Tris-HCl (pH 7.5) and 1 ng/ml herring sperm DNA (34) . Fifteen microlitres of the products from each SP-PCR reaction were run on 30 cm 1.4% agarose gels, and detected by Southern blotting and hybridization with a radioactively labelled H-ras minisatellite probe.
Tests of neutrality
To test for departure from a standard neutral model DNASP 3.5 (www.ub.es/dnasp/) (40) was used to perform Tajima's D (26), Fu's F s (28) , and Fu and Li's D* and F* (27) tests on the flanking sequence data. These tests compare the observed pattern of sequence variation against that predicted from a standard neutral model. As these tests assume the infinite sites model and no recombination, position 4661 was omitted from the analysis and a total of 1399 bp of sequence analysed in the neutrality tests. DnaSP was also used to estimate a P-value for each of these test statistics by computer simulations using the coalescent theory. These P-values represent the estimated probability of obtaining values lower than (or equal to) the ones Table 2 . Sequences of all primers used. Annealing temperatures are also shown for allele-specific primers observed. Each of these simulations was carried out using 10 000 replicates, and a recombination parameter C ¼ 4N e c (where c is the recombination rate per generation) with a value of 10 was used.
Dating lineages
The program BDMC21 (www.rannala.org/) (37) was used to obtain maximum likelihood estimates for the ages of lineages. Maximum likelihood simulations of lineage age were carried out using a minisatellite mutation rate of 0.05%, as well as the 95% confidence range (0.02-0.15%). A population growth rate parameter of 0.005 per generation was used (37) , appropriate for recent rapid growth in European populations. Simulations were also carried out using growth rate parameters of 0.002 and 0.008 (41) .
